Measurements of the grand total and positronium-formation cross sections for positrons scattered by helium within the impact energy range from 10 to 60 eV are presented. All measurements presented here use a high-resolution ͑ϳ70 meV͒ trap-based pulsed positron beam. Scattering is studied using a high-magnetic field, and absolute measurements of the scattering cross sections are obtained without the need for normalization to other cross sections. We also present single center, convergent close coupling calculations of the total cross section. A detailed study of the cross section to investigate the possibility of scattering resonances and channel coupling has been made. Comparisons with previous cross-section measurements and theoretical calculations are also included.
I. INTRODUCTION
Fundamental differences emerge when one compares cross sections for positron scattering by atoms or molecules with those for electron collisions, particularly at low-impact energies, and even at the grand total cross-section level. These differences are due to a number of factors. Since the charge of the positron is opposite to that of the electron, the positron experiences a net repulsion by the mean static potential and as positrons are distinguishable from electrons, they do not undergo exchange processes. A further key difference between these projectiles is that positrons can undergo annihilation and/or positronium ͑Ps͒ formation with bound electrons. Positronium, a temporary bound state, which can form when a positron picks off an atomic or molecular electron, is a very strong scattering channel and it contributes a major portion of the grand total cross section at low-impact energies. As a result of these differences, the study of low-energy interactions between positrons and atoms or molecules provides an important additional test for contemporary quantum collision theories.
From an experimental point of view, positron collision physics is much less advanced when compared to its electron counterpart, particularly at low-impact energies. Progress has been hindered by difficulties with positron source technology that limit flux and energy resolution. Nonetheless, there are many examples of significant advances in the field over the past 20 years or so ͓1͔. In recent years, the advances, which have been made with buffer-gas trapping of positrons have also made available new methods for the study of positron scattering. The present work represents the first time that these techniques ͓2-4͔ have been applied to the study of positron interactions with the helium atom.
Helium is an important target as it is the simplest, fundamental atomic system for testing and improving our experimental and theoretical techniques. In the case of positron interactions, it is likely that the helium atom could provide a useful test bed for theoretical calculations with regard to how the Ps formation channel can be accurately described in a general scattering calculation.
There have been many previous measurements of the grand total cross section for positron scattering from helium below 60 eV ͓5-10͔ and references therein. All previous measurements have used positron beams with energy resolutions of 0.1 eV or greater, although this has not been a barrier to establishing a benchmark value for scattering below the positronium formation threshold at 17.8 eV ͓5͔. The primary goal of the present work is to provide benchmark measurements of both the total and positronium-formation cross sections at energies up to 60 eV, and to use these to both test and guide theory ͓11͔.
II. APPARATUS AND TECHNIQUES
The experimental apparatus used for these measurements is based on the Surko buffer-gas trap system, developed at University of California at San Diego ͑UCSD͒ ͓2,3͔. It has been comprehensively described elsewhere ͓12͔ and so only a brief overview of the operation will be presented here.
Positrons are obtained from a radioactive 22 Na source, with a strength of approximately 30 mCi for the measurements described in this paper. A solid neon moderator is used to form a low-energy positron beam with an energy width of approximately 1.5 eV. Using electrostatic and solenoidial magnetic fields, these moderated positrons are guided from the source into the buffer-gas trap.
The trap electrodes are configured to form stepped, electrostatic potential wells, and positrons confined in these wells lose energy rapidly through inelastic collisions with N 2 and CF 4 buffer gases. They are confined in the trap and quickly thermalize to the buffer gas temperature. Positrons are released from the trap by modulating the potential on one of * stephen.buckman@anu.edu.au the final electrodes, see Fig. 1 , such that a pulsed beam, with between 300 to 500 positrons per pulse is formed. The energy distribution of positrons in this cooled sample is measured downstream using a retarding potential analyzer ͑RPA͒ and typically it is around 60-75 meV.
The trap typically cycles at 200 Hz and the positrons exiting the trap are electrostatically and magnetically guided into a 200 mm long cylindrical gas cell with an internal diameter of 76 mm and with 5 mm end apertures. The schematic in Fig. 1 shows that the energy of the incident positrons ͑E in ͒ through the gas-cell region is equal to,
the difference between the electrode potential set at the exit gate of the trap ͑V trap ͒ and the gas cell ͑V cell ͒. Helium is continuously fed into the center of the gas cell and is differentially pumped out at both ends using two turbomolecular pumps. This sets up a well defined, higher gas pressure through the scattering cell region so that the scattering length can be taken to be 200 mm, the length of the gas cell ͓12͔. The pressure was set to avoid the possibility of multiple scattering effects, and this was checked by performing pressure dependence measurements of the cross section. All positrons that exit the gas cell are magnetically and electrostatically guided through a RPA which analyzes only the energy component of the beam ͑E ʈ ͒, which is parallel to the axial magnetic field ͓4͔. Only those positrons whose values of ͑E ʈ / e͒ are above the potential set at the RPA can pass through and be detected by a double-stack microchannel plate ͑MCP͒. The collected current is amplified using a charge-sensitive preamp and the data stored by the experimental control computer.
An extensive discussion of the derivation of the cross sections for positron scattering in a strong magnetic field has been reported elsewhere ͓1,4͔. Figure 2 is a schematic of a normalized RPA intensity spectrum as a function of retarding voltage that can be obtained for an impact energy of 33 eV.
Since the incident intensity ͑I o ͒ is attenuated by the target gas, particular care must be taken if all the incident positrons are to be detected. This is achieved by setting the RPA potential to 0 V and choosing a potential at the gas cell ͑V cell ͒, such that 0 Ͻ E in Ӷ 17.8 eV. In this case, E in falls well below the energy required to form Ps, so no loss of incident positrons due to Ps formation can occur. Since scattering takes place in a 530 G uniform magnetic field region, all the incident positrons passing through the gas cell, with the exception of those scattered into a small region near 90°, will reach the MCP and be detected.
The transmitted intensity ͑I t ͒, which has lost some portion of positrons due to the formation of Ps, is measured by setting the potential at the gas cell and RPA to 0 V ͑E in =33 eV͒. The transmitted intensity that contains only the unscattered portion of incident positrons ͑I m ͒ is measured by keeping E in = 33 eV, while raising the potential at the RPA to ϷV trap .
The cross sections for various processes can then be experimentally determined using the Beer Lambert law, Eq. ͑2͒, where ͑n͒ is the gas number density, ͑l͒ is the path length through the gas, and ͑F͒ is the appropriate fraction of measured intensities, for a given process.
For the present experiment, the quantity F = I m / I o , in Eq. ͑2͒, would be the scattering fraction needed to experimentally calculate the grand total cross section ͑ GT ͒, F = I t / I o determines the positronium-formation cross section ͑ Ps ͒, while the partitioning of the Ps formation cross section from the grand total cross section, ͑GT−Ps͒ , can also be experimentally determined using F = I m / I t .
For helium, the lowest energy threshold for electronic excitation by positrons is at a higher energy than the threshold for ground-state positronium formation. Therefore there exists an energy region, referred to as the Ore gap, in the grand total cross section, where the only two channels that are open are the elastic and positronium formation channels. On a technical note, one can effectively neglect the contribution of the positron-electron annihilation cross section since it is typically 5 orders of magnitude smaller than the elastic cross section above the Ps threshold. The Ore gap region for helium lies between 17.8 eV, the Ps formation threshold, and 20.6 eV, the He͑2 1 S͒ excitation threshold. Note that the 2 3 S state at 19.8 eV cannot be excited by positrons as it requires a spin-flip transition, driven either by exchange or spin-orbit interactions. Therefore, within the Ore gap region,
where el refers to the elastic cross section.
FIG. 1. ͑Color online͒ The solid lines are a schematic representation of the potentials applied to the latter part of the trap and cell electrodes; ͑1͒ dump, ͑2͒ exit gate ͑V trap ͒, and ͑3͒ gas cell ͑V cell ͒ electrodes.
FIG. 2. ͑Color online͒ RPA data for a 33 eV positron scattered by helium ͑b͒. I c = 0.5 corresponds to the cutoff potential.
III. CONVERGENT CLOSE-COUPLING THEORY
The positron-helium scattering problem is difficult to calculate due to its two-center nature. However, single-center unitary theories, such as the convergent close-coupling ͑CCC͒ method ͓13,14͔, can be applied with some success. The effect of virtual Ps formation on elastic scattering at low energies can be treated to convergence using positive-energy pseudostates ͓15͔. Above the ionization threshold the positive-energy pseudostates have the effect of treating both the breakup and the Ps formation processes together, again allowing for convergent results that agree with experiment ͓16͔. However, in the energy region above the Ps formation threshold and below the ionization threshold, the CCC calculations become problematic.
Here, we are interested in the intermediate energy regime that contains the three energy ranges discussed above. When Ps formation becomes an important aspect of the scattering process this manifests itself as very slow convergence in the CCC calculations with increasing target-space orbital angular momentum l max . This is particularly evident near the problematic energy region. To obtain convergent results over most of the energy studied in this work we took l max =8. A total of 178 states were coupled, leading to a maximum of 802 channels at the higher partial waves of the total orbital angular momentum. By contrast, for electron scattering, when interested in total cross sections, we typically have l max = 4 with around 80 states and a maximum of 300 channels ͓17͔.
At energies above the ionization threshold the positiveenergy states treat the Ps formation and breakup channels collectively. We can utilize the knowledge of the importance of large l to treat Ps formation to make an estimate of the Ps-formation cross section separately. At an energy a little above the ionization threshold we know that excitation of the positive-energy pseudostates predominantly corresponds to Ps formation. This is because the breakup cross section is zero at threshold while the Ps-formation threshold is 6.8 eV lower. At the higher energies, the breakup cross section is dominated by excitation of P states ͑photoionization limit͒. Hence, if we subtract the cross sections for exciting the positive-energy states in the l max = 8 and the l max = 1 calculations, then we obtain a rough, but plausible, estimate of the Ps-formation cross section.
IV. RESULTS AND DISCUSSION

A. Grand total Cross Section GT
Our results for the grand total cross section below the positronium formation threshold, where only elastic scattering is possible, have been presented previously ͓11͔, so this paper will only focus on impact energies between 10 and 60 eV. For reasons of clarity, Fig. 3͑a͒ only compares a selection of previous experimental measurements with the present grand total cross-section data. As can be seen, very good agreement exists between the present data and other experimental results ͓6-10͔. Figure 3͑b͒ compares a range of theoretical calculations with the present grand total measurements and indicates good overall agreement between experiment, and most theories presented ͓18,19͔. The experimental cross section increases smoothly from low to high impact energies and shows no sign of the features present in the coupled-state method of Campbell et al. ͓20͔, which predicts the existence of a resonance-like spike near 22.5 eV, in the vicinity of the He͑2 1 S͒ and Ps͑n =2͒ states with thresholds at 20.6 and 22.9 eV, respectively.
Comparison between the present calculation and measurement shows very good agreement with the present results, with the exception of the above-mentioned problematic energy region between the positronium formation ͑17.8 eV͒ and the direct ionization ͑24.6 eV͒ thresholds, where the theory underestimates the experimental values. Interestingly, though not shown in the figure, comparison with smaller l max calculations demonstrates that even the very large l max =8 calculations are still not convergent in this energy range. Figure 4͑a͒ shows that previous measurements for the positronium-formation cross section ͓21-25͔ are in good agreement with the present data below 37 eV, but disagree at higher energies, where the previous measurements predict higher cross section values compared to the data presented in this paper.
B. Positronium-formation cross section Ps
The disagreement between the present results and those of Murtagh et al. ͓23͔ is similar to that reported for the Ps formation cross measurements in the heavier rare gases by Marler et al. ͓26͔ , who used the same experimental techniques as presented in this study. The Murtagh et al. Ps formation cross section results were derived by subtracting a measured direct ionization cross section from a measured total ionization cross section. Marler et al. speculated that the disagreement arose from an underestimation of the direct ionization cross section measured by Murtagh et al., at higher energies, and were able to show agreement with the Murtagh et al. data when they used their own direct ionization measurements instead. Such an explanation may be applicable in this case, although there are no other absolute measurements of the direct ionization cross section available for positron scattering from helium. These measurements are scheduled to be performed by our group in the near future and we anticipate that these results could shed further light on this disagreement.
In the case of the other, older, studies of the Ps formation from helium, the source of the disagreement is not clear. Two of the previous measurements Overton et al. ͓21͔ and Diana et al. ͓25͔ used an attenuation method, similar in technique to that used here, but performed with a much weaker magnetic field, while Fromme et al. ͓24͔ used a similar method to Murtagh et al. While these measurements were very difficult, using low-strength positron beams with relatively poorenergy resolution, the origin of any discrepancies with the present measurements is not yet clear.
Comparison of the measured Ps formation cross section with previous theoretical calculations, in Fig. 4͑b͒ , suggests quantitative agreement at the 30% level. As was evident in the case of the total cross section, ͓Fig. 4͑a͔͒, the theoretical calculation of Campbell et al. ͓20͔ agrees well in shape, but predicts higher cross section values between 33 and 60 eV, when compared to the present results. Substantial discrepancies with the other theories exist, especially that of McAlinden et al. ͓27͔ , and this is indicative of the challenges faced by theoreticians when calculating the Ps formation channel.
In the case of the present calculation, as described above, the Ps formation cross section starts with a magnitude, which is a little below the experimental results, at low energies, and ends up a little higher at the higher energies. At the lower energies it is difficult for all l Յ l max pseudostates to adequately discretize the small positive-energy region. In principle, we could get more accurate CCC results here if we additionally increase the number of states for each l. However, given the approximate nature of the procedure this is not worth the computational expense.
C. Measurements in the region of the positronium, excitation, and ionization thresholds
The behavior of the scattering cross sections in the Ore gap region has been the subject of considerable speculation in the past. Campeanu et al. ͓28͔ suggested the possibility of channel coupling effects at the onset of positronium formation, due to a reported cusp-like feature, which appeared in the cross section that they derived for elastic scattering.
As discussed above, the present technique allows us to directly measure the grand total minus positroniumformation ͑GT−Ps͒ cross section. For energies below the first inelastic threshold, this corresponds to the total elastic cross section. Figure 5͑a͒ shows the broad energy behavior of this cross section between 10 and 60 eV. Above the first excitation threshold, it shows a similar behavior to the grand total cross section, rising steadily through the impact energy range. There is some evidence of a feature just beyond the Ps formation threshold. Figure 5͑b͒ reveals a detailed picture of this cross section in the region of the Ps, inelastic, and ionization thresholds, measured using 50 meV energy increments. As can be seen, the magnitude of the total elastic cross section through the Ore gap shows a definite, if small, dip between the Ps formation and 2 1 S excitation threshold, which is not present in the calculations of Varrachio ͓29͔. While this can be taken as evidence of channel coupling effects, it is not as large as the effect calculated be Campeanu et al. ͓28͔ . The measurements compare favorably with those of Coleman et al. ͓30͔ up to the excitation threshold, confirming their conclusion that channel coupling effects are small in this region. However above 22 eV, the present results deviate from those of Coleman et al., who claimed that a step in their data may be due to the onset of the electronic excitation cross section.
Previous measurements of the helium electronic excitation cross section by Coleman et al. ͓31,32͔, indicated a magnitude that is somewhat smaller than might be expected from the "step" in their elastic scattering measurements, as shown in Fig. 5͑b͒ . However, the measurements were reported as a lower bound on the total excitation cross section, and are, thus, not inconsistent with the step seen in their data. In the present measurement, the electronic excitation onset does not appear to affect the total nonpositronium-formation cross section in the manner suggested by Coleman et al. ͓30͔ . Measurements of the electronic excitation cross sections are underway in our laboratory and may shed further light on this question. Figure 6 displays detailed measurements of the grand total and Ps formation cross sections in the region of the Ps, electronic excitation, and ionization thresholds. No observable features are detected in the spectra at this scale, and both cross sections rise smoothly through the threshold regions. These measurements were undertaken to explicitly search for the presence of scattering "resonances," which might occur if a positron temporarily binds to the helium atom. Similar negative-ion resonances are ubiquitous in electron scattering and are often observed at or near the opening of a new scattering channel. No such features have been observed to date in positron scattering cross sections. The notable exception are the features seen in the annihilation cross section for molecules at very low energies, which have been interpreted as vibrational Feshbach resonances ͓33,34͔. Table I gives the current numerical values for the GT , ͑GT−Ps͒ and the Ps .
V. CONCLUSION
This paper presents absolute experimental measurements of the grand total, grand total minus Ps formation, and the Ps formation cross sections for positrons scattered by helium within the impact energy range of 10 to 60 eV. In addition, theoretical calculations of the grand total and Ps formation cross sections are also presented. A detailed investigation of the regions encomposing the Ps, excitation, and direct ionization thresholds using 50 meV energy increments has also been presented are presented. The typical energy resolution used to acquire these measurements was ϳ70 meV with absolute errors of Յ10%.
The present grand total cross section measurements are in good quantitative agreement across the entire impact energy range with previous experimental results, and in reasonable agreement with the theoretical predictions of ͓18,19͔. The calculated grand total cross section presented in this paper, Fig. 3͑b͒ , shows overall agreement with present experimental results to Ϯ10%, except for the region between the Ps formation ͑17.8 eV͒ and the direct ionization ͑24.6 eV͒ thresholds, where theory underestimates the contribution due to the Ps formation channel.
Quantitative agreement between the present Ps formation cross section measurements and previous experimental results is limited to the region between threshold to just below Fig. 4͑b͒ , reveals fair agreement with current Ps formation cross section results, and scope for improving the calculations using current techniques appear to be limited. This demonstrates the difficulty of accurate inclusion of the Ps formation channel into the calculations. The present results also show some evidence of a broad, cusp-like feature in the elastic cross section at the Ps formation threshold, 17.8 eV, although it is much smaller than the prediction of Campeanu et al. ͓28͔ . No evidence was seen of the sharp rise in the ͑GT−Ps͒ cross section at the onset of the excitation threshold at 20.6 eV, which was attributed by Coleman et al. ͓30͔ to be due to the opening of the excitation channel. Indeed, the detailed measurements reveal that the ͑GT−Ps͒ cross section rises at a relatively constant rate, at least to the upper limit of the experimental measurement. The partitioning of the electronic and ionization cross sections is currently being investigated, and it is hoped that measurements of these cross sections will be published in the near future. 
